Thermal transformations in ceramic products at high temperatures were studied for admixture of Cretaceous and Mio-Pliocene clays, either carbonatic or with plastic behaviour, used for Lab-tiles and factory biscuits with amounts (25%) of quartz-sand added as temper. Clay admixtures contained illites, smectites series, interstratified I/S species and kaolinite. Firing steps of pastes in the factory took place in a tunneled gas kiln at 1080°C; whereas, tiles used for laboratory experiments were fired in an electric kiln (6001050°C). SEM and XRD patterns help identify minerals disseminated in a glassy matrix as well as idiomorphic crystals formed in pored ceramic tiles, including feldspars (anorthite, sanidine), wollastonite, diopside and melilite (gehlenite). In the fired products, minerals form preferably in pores and crystal genesis is mainly controlled by melt flow. Wollastonite, diopside and gehlenite appear at 800°C. Gehlenite amounts remain nearly constant or may diminish slightly above 1000°C. Enough calcite amounts favor formation of anorthite, gehlenite and wollastonite; whereas gehlenite doesn't appear necessarily as a precursor for anorthite. It is worthy of noting that gehlenite persists at 1100°C and coexists with anorthite. The later crystallizes above 850°C and its amounts increase abruptly above 1000°C. Following mineral crystallization at elevated temperature, the melt precursor can be either completely consumed or remains as relicts in biscuits.
Introduction
The petrographical and mineralogical characterization of ceramic products has often constituted the main focus of material researches. The behaviour of clay mixtures after firing them and the study of the influence of the mineralogical composition of the raw materials have been the subject of considerable interest from the beginning of this century.
1)7)
Recently, most studies addressed to ceramic products are commonly prepared in laboratory under semi-industrial conditions+ 8) The main purpose is to discover new potential sources of clay materials for ceramics industries.
9)
As a mean of illustrating the characteristic and the behaviour of ceramic products, this study is interested in both laboratories as well as factories ceramic products which are characterized by many differences in conditions of preparation. These differences include: the specific correction of the raw materials, the use of dispersant, 10) the press form, the kilns conditions and the time of grinding.
11)
The sintering of different ceramic products at different temperatures (6001050°C) is commonly accompanied by textural and mineralogical changes. This is similar to metamorphism process of high temperature and low pressure type produced in clay-limestone deposits. Thus, the sintering of ceramic products compares well to an « industrial metamorphism ». 12) The most prevailing difference between transformations in furnaces and in metamorphism depends on the duration of the transformations. Therefore, most changes in metamorphism are fairly total where the associated newly formed minerals are macrometric. By contrast, in ceramic products transformations are incomplete with predominance of glass and a complete disappearance of clay minerals. In this case, the newly formed minerals are micrometric.
This work is mainly devoted to petrographic and mineralogical characterization of ceramic tiles bodies obtained from admixtures of calcareous clays types.
Experimental procedure
Final ceramic products obtained from some factories using local clay admixtures extracted from quarries hosted in geological series dating the Upper to Lower Cretaceous (C1, C2) and Pliocene (C3). Regarding the mineralogy, the mixed raw is composed of illites, smectites series, interstratified I/S species and kaolinite.
Chemical data concerning each component of the raw materials are listed in Table 1 ; it shows the average rate in oxides composition of clays as well as quartz sand (QS). This latter is added in the raw material as temper; 25% of the mixture.
Preparation of specimens
The industrial tiles were prepared using a wet-way process. The mixture is subject to wet-way crushing methods in mills armed with rather rotary grinding balls; the mixtures flour dust passes through atomizing facilities and afterwards the molding press (180 kg/cm 2 ); then, when dried, the ceramic pieces finally undergo a suite of firing steps programmed in a tunneled gas kiln in the factory at 1080°C. The dimensions of tiles are 30 © 30 cm and/or 20 © 30 cm, the height is fairly lesser than 1 cm. Some unfired samples used for the present laboratory study, were taken at the exit of the drier and were fired during 4 h in a ceramic electric kiln furnace. The temperature of sintering varies in the range of 6001050°C.
Characterization techniques
Mineralogical changes of the fired samples were investigated by X-ray diffraction (XRD) methods by the means of a diffractometer (model Bruker-Advance D8 X-ray) using a copper anticathode-k¡; 2 theta [560°] [570°]. The Scanning Electron Microscopy (SEM) images were obtained with 2 microscopes (Model Jeol-JSM 5400 and Philips XL30). The later is fitted with an EDAX-DX4 system. For all the samples, analyses were carried on freshly fractured samples, which were covered by a gold layer. X-ray fluorescence (XRF) techniques were used in the Chemical Characterisation of the major elements in clays and quartz sand.
Results and discussion 3.1 XRD patterns of factory products
The clay admixtures mixed with fine-sized quartz sands used to degrease the ceramic paste, are completely devoid of micas, pyroxenes, plagioclases and other alkali-bearing feldspar. The XRD patterns of fired ceramic samples (Fig. 1) show a lack of peak responses of clay minerals and indicate that clay species have been completely transformed. Furthermore, these patterns illustrate well the existence of neoformed minerals as: alkali feldspar, melilites (gehlenite), diopside and wollastonite as described in previous studies. As well demonstrated in Fig. 1 , the mineralogical association bears anorthite (a), sanidine (s), wollastonite (w), diopside (d), gehlenite (g), hematite (h) and quartz (q). These minerals are organized in a prevalent matrix of a seemingly isotropic amorphous glassy phase due to the intense vitrification. In XRD patterns, major peaks d (001) (0.334 nm to witness quartz minerals, 0.27 nm to indicate hematite, 0.319 nm to characterize ca-bearing plagioclase (anorthite) CaAl 2 Si 2 O 8 , 0.324 nm to represent alkalifeldspar, 0.298 nm on behalf of both wollastonite and synthetic aluminum diopside Ca(Mg,Al)(Si,Al) 2 O 6 and 0.285 nm to point to synthetic gehlenite Ca 2 Al 2 SiO 7 ). The high temperature K-feldspar formed upon firing steps is a potassium disordered synthetic sanidine. The time of transformation was insufficient for the development of the crystalline structures (sanidine). Consequently, it has crystallized in a xenomorphic shape in a composition sanidine-like phase ( Fig. 1 ) which is at least partly responsible for an increase in the background response deduced from XRD patterns as addressed by Ref. 18 . The SEM and EDAX patterns allow identifying this phase (Fig. 14) .
XRD patterns of laboratory products
Typical XRD patterns of laboratory fired tiles samples are given in Fig. 2 and show that firing at 850°C induces the breakdown of calcite. It affects slightly hematite and quartz. Peaks of illite persist, expect the one located at 9°(2ª), d: 0.1 nm (principal pic); for further heating to 950°C peaks of illite disappear completely.
In addition, peaks assignable to gehlenite, diopside, anorthite (SEM and EDX patterns allow identifying this phase (Figs. 12a and 12b) and sanidine manifest at the same temperature (800 850°C). The anorthite develops clearly at higher temperature nearby 950°C. The rate of the newly formed minerals increases gradually with the increase of temperature. We suppose that these new minerals result from the breakdown of clay minerals and calcite which react with quartz and/or melts (glass). The XRD patterns (Figs. 1 and 2) show that some peaks of quartz exhibit a splitting for temperatures > 1000°C. This splitting (Fig. 1 ) may be considered as an indicator of the presence of a chemically modified quartz and native quartz type: the former quartz consists of the outer zones of the free silica coarse particles, which are a subject of elemental diffusion, whereas, the original quartz corresponds to the core of the coarse particles. In such conditions, the lattice parameters of both quartz, (outer rim and internal core), should be slightly different. As far as quartz modification is concerned, 21) , 22) reported that Al or alkalis insertion into the quartz lattice may occur and the substituted quartz should lead to the formation of a transition phase, which in turn is transformed into the melt. Thus, changes of quartz into cristobalite could not occur. 22) Furthermore, 23 ), 24) stressed the idea that the a 0 axis of orthogonal ¡-quartz appears the more sensitive to impurity content.
For the structure refinement of quartz, we have used the Rietveld method. 25) The lattice parameters a and c in quartz varied in the ranges 0.49140.4916 nm and 0.54050.5409 nm, respectively; the remaining parameters are listed in Table 2 . Furthermore 24) described the relation c/a = 1.10013 ¹ 0.20(a ¹ a 0 ) where a 0 is the lattice constant of the pure material and a parameter of the substituted mineral species. This helps calculate a parameter a of about 0.49130 nm for the original quartz (quartz cores) in our ceramic admixture, which is closely similar to the value 0.49129 nm given by Ref. 24 for pure natural quartz.
Scanning electron microscopy and EDX patterns
Using the SEM, the mineral species are recognised on the base of the identified crystalline systems (Figs. 4, 5 and 7 ). In addition, the SEM fitted with an energy-dispersive X-ray spectrometer (EDX), allow characterising the chemical composition of the observed neoformed minerals and their approximate formula (Figs. 1014) and consequently, the analysed materials will necessarily represent the characterised mineral phases. All the neoformed minerals detected in this section, are also detected by XRD data, which highly supports their existence.
In this section, relicts of inherited quartz and neoformed minerals were identified. These later appear preferably in pores from the glassy phase or by solidsolid replacement.
General view
The scanning views show a dominant vitrification and an intense porosity in the industrial ceramic body. Pores are numerous and tend to have varied sizes and forms. As demonstrated in Fig. 3 , the global view is closely comparable to a sponge-like form. Pores may be generated by diffusive gas flow emanations (water and carbon dioxide) upon firing especially by the action of transforming clays and calcite. The Fig. 3C shows a quartz grain with significant pores, 10¯m in diameter, what is left is some traces of quartz grain; it is approximately fused. Laboratory investigation shows that the melting into an isotropic/amorphous phase begins at 600°C, with an obvious increase with rising temperature. Pores are numerous at temperatures higher than 900°C (Fig. 3H) after carbonate breakdown and carbonic gas (CO 2 ) emanation.
Quartz
The quartz grain inherited from the raw material shows traces of dissolution: a shape looking like hydrothermal corrosion gulfs. A bright melt is generated from this grain and clay laminae are totally consumed (Fig. 4) . By contrast, a part of clays persist where there is remarkable halls. These fluids gather to form white drops surrounding quartz grain. Hence, it is possible that quartz grain and clay laminae were partially consumed giving birth to fluid or semi-plastic solid which is at the origin of the neoformed minerals. Although quartz fusion needs high temperature which is not reached in the kiln in the present study case, the presence of impurities and melting decrease the temperature of the fusion (Fig. 4) . As previously emphasized by Ref. 28 , the quartz peak intensity gradually decreases, whereas at high temperatures it becomes obviously marked. As the viscosity of the glassy phase varies with temperature in the same way, the quartz dissolution process is closely related to variation in the viscosity of the glassy phase with temperature.
Neoformed minerals Gehlenite
The Fig. 5 shows tetragonal crystals of gehlenite well crystallised and occupying the pores. This mineral develops particularly in the voids without direct link with the paste. They emerge only in voids and from glass. Idiomorphic crystals are characterized by facets and perfect angles characteristic of the tetragonal crystalline system. Among the newly formed minerals the only one within this system is gehlenite. This later occupies mainly the pores commonly delineated by clay laminae which are in the process of degradation and transformation under high temperature. This kind of white melt is the precursor of the newly formed gehlenite. The SEM and EDAX pattercn allow characterizing this phase by approaching its crystalline form and chemical composition (Fig. 13) . However, remnants of the precursor melt still persistent on the crystals facets.
Wollastonite and diopside
The SEM and EDX patterns allow identifying these phases (Fig. 11) . The crystalline system is not easily recognisable but it looks like the monoclinal system thus characterizing wollastonite.
Out of the amorphous phase emerges a white melt drop. Careful examinations lead us to observe quartz grains upon fusion with approximately consumed clay laminae. These drops are the issue of released melts results which occur during the break-down of the mineral component of the raw material. These drops are both the precursor and the sites of the neoformation. According to the chemical composition of the drops, an agglomeration of newly formed idiomorphic crystals is created.
In Fig. 6B , the crystals bear different sizes varying from 0.17 to 0.6¯m. The neoformed minerals originate directly from the internal side of the pore from solid phases. The germination doesn't necessarily need melt precursor. It can initiate directly from solidsolid transformations and phase replacement.
Feldspar
In the amorphous phase, particularly isolated in voids (Fig. 7) , a newly formed mineral (anorthite) is developed out of a white melt or semi-plastic solids. These later are due to vitrification and partial melting of raw material components. The SEM and EDAX patterns allow identifying this phase at different temperatures (Fig. 12). 
Pores
Some pores are occupied by the newly formed microcrystals, but others remain empty (Fig. 8) . The corresponding figure illustrates different types of pores which can be either empty or filled by microcrystals within circular or oval forms. The center of the Fig. 8 is occupied by a pore of 10¯m; this pore is adjacent to a quartz grain upon fusion which shows dissolution signs. Some heavily consumed clay laminae surround the void. The microcrystal which occupies this pore develops in a rosette shape.
Glass
The amorphous phase can be studied by SEM. Bright glass is present in contact with an inherited quartz grains upon fusion (Fig. 4) . Sub-idiomorphic crystals upon formation with clear sharp-edged facets can be also observed (Fig. 9) .
The amorphous phase is ubiquitous and represents the predominant phase in the ceramic body. Generally, it is a relic of clay laminae, traces of quartz grains, and almost a kind of melt or semi-plastic solids resulting from the partial fusion and degradation of the raw material. Generally, this melt is the precursor of the whole neoformed minerals. Many figures convey this process. In fact Figs. 9e and 9f show some microcrystals took place from the amorphous phase.
The Fig. 9b represents a detailed view of Fig. 9a which shows a part of a pore. It contains in its external part a quartz grain and some clay laminae stuck to each other and a semi-plastic solid matter. This later develops and grows in the space created by the pore. Their shape looks like coral edifices. The Fig. 9i shows the fusion of coral edification giving birth and originating crystal; an angle of 90°is obvious. In addition, the Fig. 9d which is a detail of the Fig. 9c shows the same phenomena and the same growth structure. In this case, the quartz grains are absent.
In the Fig. 9h a wide spherical drop has been transformed into many microcrystals of 0.5¯m in diameter. Many square and diamond-shaped facets are identified. This drop originates in a pore and nurture directly from the surrounding clay laminae and the amorphous phase that release.
Due to formed calcium silicate and calcium-aluminosilicate phases called wollastonite and gehlenite phases, prediction was performed on the basis of the CaO + (MgO + FeO)SiO 2 Al 2 O 3 phase diagram in which the divalent substitutions were taken into account (Fig. 15) . The representative point of the raw material mixture composition falls within the stability triangle silica-anorthite-wollastonite. Excluding the amount of quartz which is thought not to be entirely involved at T < 900°C because of the coarseness of the quartz grains, 20) the representative point of the clay mixture composition within the above ternary diagram falls in the same compatibility triangle with an orientation towards anorthite-gehlenite. Thus, in this study the calcium-aluminosilicate gehlenite phases, wollastonite and diopside are detected from 850°C. These phases are expected to be present from 800°C. 18) Sanidine and anorthite characteristic peacks detected in XRD patterns are closely similar, respectively 0.325 nm, 0.319 nm (Figs. 2 and 14) . At 850°C, this response may be attached to sanidine (Figs. 2 and 14 ) rather than to anorthite (Figs. 2, 12a and 12b) , with an amount of sanidine higher than the anorthite counterpart at that temperature. The amount of anorthite increases moderately for temperatures <950°C and abruptly at higher temperatures (Fig. 2) . 
Conclusions
The present study helps to erect the following ideas: -The minerals neoformed at high temperature in ceramic products is a local phenomenon due to the lack of a derived transporter liquid such us is the case in metamorphic or hydrothermal environments. By contrast, the neoformation in ceramic products is controlled by diffusion-reaction at the interface between two mineral grains with contrasting composition: carbonates-silicates interface.
18) The neoformation is commonly enhanced by partial melting and melt formation. The melting is the precursor of neoformation, and is the results of transformation and partial dissolution of clay, quartz and carbonate solids. -Melt flows which took place mainly from the breakdown of phyllosilicates associated with free silica, play a major role in the sintering process, control the firing characteristics and the newly formed phases. -At high temperature, the formation process of minerals contained in ceramics is controlled by a solid/solid reaction: prevalent melting, crystallization, and phase replacement by another simpler phase with little or no compositional variation. -The neoformation occurs commonly in pore and dissolution voids, where it gathers the liquids released upon firing raw material (Figs. 5, 6 , 10, 11, 12, 13 and 14). -Wollastonite, diopside and gehlenite appear at 800°C; the concentration of the later remains constant 20) or it reduces slightly in concentration above 1000°C as noticed by Ref. 18 . As a conclusion, the amount of gehlenite doesn't increase for Temperatures above 950°C. -The formation of anorthite, gehlenite and wollastonite becomes possible in the presence of enough calcite amounts. Wollastonite combines limestone and quartz as is commonly stated; whereas gehlenite is not necessarily a precursor for anorthite.
20)29)
-Melting into an isotropic/amorphous phase starts at 650°C, with a clear increase with increasing of temperature. -Anorthite appears at 850°C (Figs. 2, 12a and 12b ) and its amounts increase abruptly for temperatures above 1000°C (Figs. 2 and 12c ). Due to the breakdown of clay minerals and limestones with persisting gehlenite, this minerals is found to coexist with anorthite at a temperature of 1100°C.
30)
-The iron is almost integrated in an iron oxide lattice (hematite) rather than in neoformed minerals. The SEM and EDAX patterns allow identifying this phase as hematite (Fig. 10 ).
